Introduction
As antioxidant may be defined any substance, present at low concentrations compared to the oxidizable substrate, which delays or inhibits the oxidation of that substrate [1] . Antioxidants are divided into two general groups based on the protection mechanism [2] . Phenolic antioxidants or polyphenols comprise the majority of antioxidants that humans find in a variety of foodstuff such as fruits, herbs, vegetables, tea and coffee. Their primary characteristic is the presence of one or more hydroxyl groups on at least one aromatic ring. They can also be classified into phenolic acids, flavonoids, stilbenes and lignans according to their structure and the number of phenol rings they contain [3] [4] [5] .
To fully understand the antioxidant and health effects of phenolic acids, their bioavailability should also be examined [3, 6] . Phenolic acids owe their antioxidant properties to their structure and specifically to the reactivity of the phenol moiety. They predominantly act as free radical scavengers via hydrogen or electron donation and also as transition metal chelators [7, 8] .
The study of antioxidants is very important and depends on the sample and the purpose of analysis. For example, scientists in the medical-biological field focus on the free radical scavenging capacity of the sample, choosing a variety of analytical methods such as Folin-Ciocalteu, DPPH, ORAC, TEAC, FRAP, TRAP and ABTS, whereas the food industry is interested in their quantitative determination [9] [10] [11] [12] [13] . There are many publications dealing with the determination of phenolic compounds and phenolic acids in fruits, herbs, olive oil, cosmetic products applying spectrophotometry, fluorescence, HPLC and GC-MS [14] [15] [16] . However these techniques are expensive, highly reagent and time consuming and sometimes they do not yield the proper information [16] .
In this direction, incorporating biosensors are an attractive alternative for the determination of free radicals and antioxidants, characterized by selectivity, low cost, easy automatization and simplicity. Thus, the development of biosensors for the determination of the polyphenolic fraction and phenolic acids is a promising challenge [17] .
The first class involves numerous amperometric biosensors for the quantitative determination of either mono or polyphenols, expressed as total phenol content. Their function is based on the immobilization of an oxidase, an enzyme that reacts with molecular oxygen to catalyze the oxidation of a substrate, such as tyrosinase, laccase and peroxidase. Biosensors used for the determination of NO, GSH, uric acid and ascorbic acid operate under the same principles. Biosensors used for the assessment of the antioxidant capacity fall into the second class and are characterized by the in vitro production of ROS and the electrochemical detection, such as cytochrome c (cyt c), superoxide dismutase (SOD) and DNA biosensors [18] .
DNA electrochemical biosensors have received considerable attention since the monitoring of the DNA integrity is the only way to assess at cellural level the antioxidative capacity [19] . Literature provides a large variety of DNA biosensors that take into account different electrode types, immobilization protocols, materials and several compounds and samples. For instance, Barroso and co-workers developed a biosensor for the electrocatalytic determination of antioxidant capacity in beverages using a dsDNA modified carbon paste electrode [19] . Liu and co-workers used TiO 2 /ITO modified electrodes to achieve DNA photogenerated oxidation [20] . Heilerova et al. [21] and Mello and co workers [22] studied the antioxidative capacity of aqueous extracts using a screen printed dsDNA modified electrode. Kilmartin et al. applied cyclic voltammetry for the characterization of antioxidant properties of wine and wine phenolics [23] . Nanometer scale films of biolemolecules, polyions and catalytic redox polyions [24] and dendrimer-encapsulated Au-Pd bimetallic nanoparticles with chitosan [25] were used to estimate the toxicity of chemicals and the antioxidative ability of sericin.
In an article published by Barroso et al. the electroanalytical approaches already developed for the assessment of the total or individual antioxidant capacity are being revised [26] .
In this sense, the goal of the present project is the electrochemical study of three representative phenolic acids, using both cyclic and differential pulse voltammetry. Gallic acid, caffeic acid and trolox were used as model compounds in order to compare the antioxidant behavior of the studied herbs.Their antioxidative ability has been investigated, in vitro using a dsDNA biosensor and Fenton's type reaction as a source of hydroxyl radicals in order to achieve oxidative damage on dsDNA. Conclusions were based on the oxidative signal of guanine bases before and after the addition of certain amounts of the phenolic acids. This biosensor was applied as a screening antioxidant test in order to estimate the antioxidative capacity of the aqueous herb extracts.
Experimental procedure

Reagents
Gallic acid (3,4,5-Trihydroxybenzoic acid, ≥98%), caffeic acid (3,4-Dihydroxy-cinnamic acid, ≥98%), trolox (6-hydroxy-2,5,7,8-tetramethyl- Nujol oil for the carbon paste were purchased from Sigma-Aldrich (Seize, Germany). CH 3 OH, NaOH and CH 3 COOH were obtained from Chem-Lab (Zedelgem, Belgium). Tris (tris(hydroxymethyl)aminomethane) and NaCl were supplied from Merck (Darmstadt, Germany) and graphite powder for the carbon paste from Fluka (Buchs, Germany). All aqueous solutions were prepared using double deionized water. All reagents were of analytical grade.
Solutions
A stock solution of dsDNA (1 g L -1 ) was prepared in 10 -2 mol L -1 Tris-HCl containing 10 -3 mol L -1 EDTA solution of pH 7.5 and stored at -15 o C. An acetate buffer solution of 0.1 mol L -1 with a pH=4.8 was used during cyclic and differential pulse voltammetric measurements and an acetate buffer solution of 0.2 mol L -1 containing NaCl 0.02 mol L -1 of pH=4.6 was used during the optimization and the operation of the dsDNA biosensor for the evaluation of the antioxidant capacity of phenolic acid solutions and aqueous solutions of herbs. The methanolic stock solutions of phenolic acids (0.01 mol L -1 ) were stored at 4 o C.
Herb samples
The studied herbs, Camelia sinensis (black and green tea), Origanum dictamnus, Sideritis syriaca and Aloysia triphylla, were commercial products obtained from the local market. 25% (w/v) extracts were obtained from dried leaves by solid-liquid extraction with double deionized water at 100 o C for 15 min. After cooling, the extracts were filtered through filter paper without any other pretreatment.
Apparatus
Measurements were carried out at room temperature using a PalmSens potentiostat and PalmSensPC software (IVIUM Technologies, The Netherlands). The electrochemical cell consisted of three electrodes, a saturated Ag/AgCl reference electrode (KCl 3 mol L -1 ), a platinum wire counter electrode and a carbon paste working electrode (CPE), all purchased from Metrohm (Switzerland). The carbon paste was prepared by hand-mixing graphite powder and Nujol oil to the ratio 75:25. The resulting paste was packed tightly into the electrode. The surface was polished to a smooth finish before use.
Voltammetric signal transduction
Cyclic voltammetry
The CV measurements were carried out in an acetate buffer solution of 0.1 mol L -1 with a pH=4.8 at room temperature, within the potential range between 0 to 1.5 V with 0.005 V step, at scan rate 0.05 V s -1 and 5 scans.
Differential pulse voltammetry
The DPV measurements were carried out in an acetate buffer solution 0.1 of mol L -1 with a pH=4.8 at room temperature, within the potential range between 0 to 1.4 V with E_step = 0.005 V, E_pulse = 0.025 V and t_pulse = 0.07 s, at scan rate = 0.025 V s -1 . The optimization procedure for the determination of phenolic acids using differential pulse voltammetry included the parameter scan rate, accumulation potential and time. All measurements were recorded in triplicate (n=3).
Biosensor procedure
Cleaning procedure of the electrode surface
The initial step involved pretreatment of the electrode by applying a potential at +1.7 V, in CH 3 COOH-CH 3 COONa (0.2 mol L -1 , pH=4.8 containing NaCl 0.02 mol L -1 ) for 1 min without stirring prior to the accumulation step. This is required in order to produce a more hydrophilic surface state and to achieve the concomitant removal of organic layers [27] .
The cleaned and smoothed carbon paste electrode was immersed in a stirred 0.2 mol L -1 acetate buffer solution and 0.02 mol L -1 NaCl of pH 4.8, containing 140 mg L -1 dsDNA to accumulate dsDNA onto the electrode surface by application of a potential of +0.5 V for 300 s, conditions that were optimized in previous work [27] . The cleavage of the immobilized dsDNA layer was performed by immersing the electrode for 300 s in the Fenton's cleavage mixture according to the following molar ratio Fe 2+ / EDTA/ H 2 O 2 = 1/ 1.25/ 800. The reaction started by the addition of H 2 O 2 into a non-stirred solution of [Fe(EDTA)]
2-complex ions. The products of hydroxyl radicals reached and oxidized the dsDNA layer through diffusion. The evaluation of the antioxidant capacity of phenolic acids and herbs took place by adding certain volumes of the samples into the Fenton's system. In this case, phenolic acids acted as hydroxyl radical scavengers and prevented the dsDNA oxidation.
In order to achieve signal transduction and obtain the biosensor response, adsorptive transfer stripping voltammetric measurements were performed in 0.2 mol L -1 acetate buffer solution and 0.02 mol L -1
NaCl, pH 4.8. The analytical results of the biosensors were based on the guanine oxidation peak, expressed by % percentage, compared to the oxidative signal received before the chemical oxidation of dsDNA by the Fenton's system. All measurements were recorded in triplicate (n=3).
Results and discussion
Cyclic voltammetry
Cyclic voltammetry (CV) is usually the first experiment performed in an electrochemical study of a compound. The effectiveness of this technique results from its capability for rapidly observing the redox behavior over a wide potential range. The resulting voltammogram is considered to be analogous to the conventional spectrum. In this sense, the redox behavior of each phenolic acid was studied using cyclic voltammetry under the conditions described in section 2.5. A cyclic voltammogram is shown Fig. 1 . These voltammograms reveal the two semi-reversible anodic peaks at 0.320 V and 0.690 V for gallic acid, one reversible anodic peak at 0.324 V for caffeic acid and one semi-reversible anodic peak at 0.170 V for trolox.
In the case of gallic acid, the peaks at 0.320 V and at 0.199 V, were attributed to the two of the three phenolic hydroxyls where a reversible redox reaction took place (Scheme 1 i). Peaks at 0.690 V were attributed to redox behaviour of the hydroxyl in the carboxyl group.
In the case of caffeic acid the reversible peak at 0.324 V was attributed to the phenolic hydroxyls (Scheme 1 ii). In trolox, the semi-reversible peak at 0.170 V was attributed to the sole phenolic hydroxyl group (Scheme 1 iii).
Differential pulse voltammetry
The oxidation process of gallic acid, caffeic acid and trolox was optimized using differential pulse voltammetry (DPV). According to the differential pulse voltammograms, we observed two anodic peaks for the three phenolic acids, showing slight alterations compared to the oxidation potentials derived from the cyclic voltammograms. The conditions that were investigated and optimized were the potential scan rate, the potential and time of the accumulation procedure for the three phenolic acids. For the determination of the three phenolic acids with differential pulse voltammetry the first parameter to be optimized was the scan rate potential and the results for gallic acid, caffeic acid and trolox were 0.025 V s -1 , 0.025 V s -1 and 0.05 V s -1 respectively. A highly sensitive determination of the three phenolic acids was achieved by measuring the accumulation at the surface of the electrode, followed by a differential voltammetric scan. The influence of the accumulation time and potential on the oxidative peak current was obvious and important. The investigation of the impact of the accumulation time showed that each phenolic acid presented a maximum oxidative signal for a specific value and then a saturation behavior was adopted. While observing the DPV curves, we conclude that when the accumulation potential neared the oxidation potential of the peak, the oxidative signal of the representative phenolic acid tended to decline. Specifically, for the accumulation potentials of 0.2 V and 0.6 V for gallic acid, 0.2 V for caffeic acid and 0.1 V and 0.8 V for trolox, this phenomenon took place. These alterations are presented in Fig. 2 and the optimum accumulation conditions are summarized in Table 1 . All the DPV voltammograms are smoothed and baseline corrected.
Moreover, during the construction of the calibration curves, we came to the conclusion that the influence of the phenolic acid concentration to the presence of a second anodic peak is crucial (Fig. 3) . For gallic acid, with concentrations higher than 1.5×10 -6 mol L -1 a second anodic peak at 0.551 V was observed. The same behavior is revealed at 0.247 V and 0.829 V for caffeic acid with concentrations higher than 10 -5 mol L -1 and trolox concentrations higher than 10 -6 mol L -1 respectively. It should be noted that the second anodic peaks for gallic acid and trolox, were also revealed by the cyclic voltammograms. Caffeic acid did not demonstrate this characteristic peak probably because of the low oxidative signal and the limited capabilities of cyclic voltammetry.
Application of dsDNA biosensor
To start with, the first parameter to be optimized before applying the biosensor to evaluate the antioxidant capacity of the three phenolic acids and aqueous herb extracts studied was the concentration of the immobilized dsDNA at the electrode surface. The stabilization of the oxidative signal for E. Skeva, S. Girousi concentrations higher than 140 mg L -1 indicates the saturation of the electrode surface (Fig. 4) . The immobilized dsDNA at the electrode surface provides an oxidative signal and analytical information through the oxidation peaks of the guanine and adenine residues. The following results are expressed as percentage, correlated with the dsDNA 140 mg L -1 oxidative signal.
Optimization of dsDNA oxidative damage by Fenton's system
Reactive oxygen species play an important role in the oxidation of biomolecules such as DNA. This occurs due to the initial deformation of the DNA helix, the nicking of the polymeric chain by hydroxyl radicals and finally the chemical oxidation of the guanine bases [21] . The limited number of guanine molecules that have remained to be electrochemically oxidized due to chemical oxidation of guanine and the formation of the chemically oxidized guanine molecules that can not be electrochemically oxidized, decreases effectively the oxidative signal. For this purpose, Fenton's like reaction was chosen for the formation of hydroxyl radicals in situ and optimized in order to accomplish high chemical oxidation, avoiding thought its total damage. The reaction initiates with the addition of H 2 O 2 into [Fe(EDTA)] 2-solution with the dsDNA modified electrode.
Taking into account these restrictions, the molar ratio Fe 2+ / EDTA for the complete complexation of Fe 2+ ions, the molar ratio [Fe(EDTA)] 2-/ H 2 O 2 , the immersion time for the maximum dsDNA damage, the interaction time between Fenton's system and the phenolic acids for A study of the antioxidative behavior of phenolic acids, in aqueous herb extracts, using a dsDNA biosensor the effective binding of the produced hydroxyl radicals were investigated. EDTA is used in Fenton's reaction usually as a complexation agent of Fe 2+ ions in order to avoid site specific damages of DNA and is known to form stable complexes with Fe 2+ ions of 1/2 molar ratios (Fe 2+ / EDTA) [30] . By investigating a variety of molar ratios between 1/1 and 1/2, the optimum molar ratio proved to be 1/1.25, achieving the highest oxidative damage and minimizing interferences from the oxidation signals of both Fe 2+ ions and EDTA. In addition, five typical dsDNA cleavage mixtures were tested and the maximum oxidative effect on dsDNA had the mixture of molar ratio [Fe(EDTA)] 2-/ H 2 O 2 : 1/ 800 (Fig. 5) . The effect of the reaction time between the hydroxyl radicals and , 6. Black tea 2.5% w/v, 7. Green tea 2.5% w/v, 8. Origanum dictamnus 2.5% w/v, 9. Aloysia triphylla 2.5% w/v, 10. Sideritis syriaca 2.5% w/v. the target dsDNA on the oxidative current of guanine is explained in Fig. 6 . For the immersion time of 300 s, the maximum chemical oxidation of dsDNA (60% of the guanine molecules is chemically oxidized) is reached, without any further increase in exposure times (Fig. 6i) . The interaction time between Fenton's system and the phenolic acids, the scavengers of the hydroxyl radicals, was also studied and showed that the three phenolic acids should react with Fenton's system for 600 s to obtain the maximum protect via the deactivation of hydroxyl radicals (Fig. 6ii) .
Evaluation of the antioxidative effect of phenolic acids and aqueous herbs
The previously optimized biosensor was applied to estimate the antioxidant capacity of three representative phenolic acids, gallic acid, caffeic acid and trolox and aqueous herbs that present antioxidant, antimutagenic and anti-inflammatory properties. Fig. 7 reflects the effect of the addition of phenolic acid antioxidants on the oxidative signal of dsDNA and the guanine base. The study of the oxidation signal of guanine can give valuable information as was reviewed in the article of Palecek et al. [31] . The number of hydroxyl groups on the aromatic ring influences to a remarkable extent the antioxidative ability of the phenolic acids. Gallic acid is more effective than caffeic acid and trolox, because of its three hydroxyl groups on the aromatic ring and caffeic acid more than trolox respectively. These conclusions are also derived from Fig. 7 . These results agree with other studies that measure the antioxidative activity of these three antioxidants using various techniques [32] [33] [34] . The DPV voltammograms are smoothed and baseline corrected. Table 2 summarizes the optimized conditions and results obtained from the construction of the calibration curves of the biosensors.
The ability of commercial available aqueous herb extracts to protect dsDNA from deep damage was also tested. It can be easily claimed that black tea protects dsDNA more sufficiently from the oxidative damage of hydroxyl radicals than the other herbs. Taking into account Fig. 8 , the antioxidant activity of the aqueous herbs can be arranged in the following order: Black tea > Green tea > Origanum dictamnus > Aloysia triphylla > Sideritis syriaca. The mean values of the antioxidant data obtained in this work by the given technique were compared using the t-test.
Conclusions
Antioxidants such as phenolic acids and plants extracts containing high amounts of them act as free radical terminators and reduce the effect of the oxidative damage on dsDNA.
In this context, the electrochemical oxidation of three representative phenolic acids was investigated by cyclic and differential pulse voltammetry. The semi-reversible behavior of gallic acid and trolox and the reversible one of caffeic acid were revealed using cyclic voltammetry. We studied antioxidants under optimized conditions (scan rate, deposition potential and time). The results confirmed the ability to achieve sensitive and reliable determination of the phenolic acids studied by differential pulse voltammetry, which presented satisfactory linearity, repeatability and limit of detection.
In addition, their antioxidant capacities were investigated, in vitro using adsorptive transfer stripping voltammetry. An optimized dsDNA biosensor, based on a CPE surface, and Fenton's cleavage mixture and proved to be very useful and appropriate as an easy and fast antioxidant test to evaluate the antioxidative effects of aqueous herb extracts.
Our conclusions were based on the oxidative signal of guanine before and after the addition of the antioxidant in the cleavage mixture.
A more detailed study, including more complicated separation schemes and groups of potentially antioxidative compounds in more complicated sample matrices, could be a promising perspective of the present work. A study of the antioxidative behavior of phenolic acids, in aqueous herb extracts, using a dsDNA biosensor
